We report the preparation of polymer-peptide blend replica particles via the mesoporous silica (MS) templated assembly of poly(ethylene glycol)-block-poly(2-diisopropylaminoethyl methacrylate-co-2-(2-(2-(prop-2-ynyloxy)ethoxy)ethoxy)ethyl methacrylate) (PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 )) and poly(L-histidine) (PHis). PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 ) was synthesized by atom transfer radical polymerization (ATRP), and was co-infiltrated with PHis into poly(methacrylic acid) (PMA)-coated MS particles assembled from different peptide-topolymer ratios (1:1, 1:5, 1:10, or 1:15). Subsequent removal of the sacrificial templates and PMA resulted in monodisperse, colloidally stable, non-covalently cross-linked polymer-peptide blend replica particles that were stabilized by a combination of hydrophobic interactions between the 2 PDPA and the PHis, hydrogen bonding between the PEG and PHis backbone, and π-π stacking of the imidazole rings of PHis side chains at physiological pH (pH ~7.4). Synergistic chargeswitchable and enzymatic degradation properties of PDPA and PHis make these particles responsive to pH and enzymes. In vitro studies, in simulated endosomal conditions and inside cells, demonstrated that particle degradation kinetics could be engineered (from 2 to 8 h inside dendritic cells) based on simple adjustment of the peptide-to-polymer ratio used.
INTRODUCTION
Research into designing therapeutic carriers has progressively advanced, particularly in the development of "smarter", more responsive materials for reducing unwanted side effects and for achieving optimized therapeutic efficacy. [1] [2] [3] [4] [5] Different types of polymer carriers, such as polymeric micelles, 6 polymersomes, 7 polymer capsules, 8, 9 and polymer replica particles 10 have been developed. The first generation of these materials exploited diffusion-based dissolution kinetics and the semi-permeable nature of the materials themselves as the cargo release mechanisms. 11 However, this approach provided little control over the release kinetics or carrier degradation rate. To improve the functionality of the carriers and consequently the therapeutic outcome, responsive moieties have been incorporated to achieve controlled carrier degradation and/or cargo release. [12] [13] [14] Thus, the next generation of carriers comprises multifunctional responsive polymer building blocks and/or inorganic substances that are responsive to stimuli such as electromagnetic radiation, temperature, ultrasound, and near-infrared (NIR)-light. [15] [16] [17] [18] Recently, a better understanding of cellular pathways has allowed for the development of advanced systems that respond to the biological milieu inside cells or tissues, such as pH variations, redox potential differences, and the presence of different types of enzymes. 19, 20 These 3 biologically inspired carriers can be engineered to degrade or to release their cargo upon reaching the cellular compartments of interest.
The internalization of particles generally involves an energy dependent endocytotic process where the cell membrane engulfs the particle, forming a vesicle that is transported to specific sub-cellular compartments. [21] [22] [23] This pathway generally exposes the particles to a pH gradient where the pH decreases from physiological pH (~7.4) in the extracellular space down to pH 4.5-5.5 in the late endosomes/lysosomes. 24 Various types of enzymes are also present in these compartments. 25 Hence, the use of smart materials that are inherently responsive to the dynamics of cellular microenvironments is of interest for triggered release and/or degradation in particular cellular compartments. Materials with pK a values within the endosomal and physiological pH window are suitable for exploiting release of materials internalized via endocytotic pathways. One example is poly(2-diisopropylaminoethyl methacrylate) (PDPA) comprising pendant diisopropyl amino groups with a pK a of ~6.4. [26] [27] [28] [29] [30] [31] This polymer has tertiary amine groups that undergo protonation (hydrophilic) or deprotonation (hydrophobic) when the pH is below or above its pK a , respectively. Poly(L-histidine) (PHis) comprises pendant imidazole groups and is another material with a physiologically relevant pK a of ~6.1, which also allows for the hydrophilic to hydrophobic switch upon increasing the pH above its pK a . 32 The similarity of these two polymers (in terms of their pK a ) allows for PDPA to be regarded as a synthetic analog to PHis. Further, it provides an opportunity to create smart carriers utilizing their innate pHinduced charge-switching properties as the driving force for carrier assembly and disassembly. In addition, the use of a polypeptide as a building block is of interest due to the enzyme (protease)-sensitive nature of the material, allowing for its degradation in biological microenvironments. 33, 34 4
Recently, we demonstrated a templated assembly technique for replica particle formation using mesoporous silica (MS) particles as sacrificial templates. [35] [36] [37] [38] This approach is versatile because it is applicable for various synthetic and biopolymers. The infiltration of preformed polymers 35, 36, 38 or the polymerization of monomers within MS particles, 37 followed by crosslinking and removal of the MS particle template, results in the formation of replica particles with tunable functionalities and properties. However, a cross-linker is generally essential for the stabilization of the polymer networks and the formation of replica particles. We have also 43 were prepared according to literature procedures.
Methods. Fluorescence and differential interference contrast (DIC) microscopy images of the replica particles were acquired using an inverted Olympus IX71 microscope. The 60× oil objective lenses and a 488 nm excitation filter were used. A black and white camera mounted on the left port of the microscope was used to capture the microscopy images. For the transmission electron microscopy (TEM) analysis, 3 μL of replica particles was allowed to adsorb onto a 7 carbon-coated Formvar film mounted on 300-mesh copper grids (ProSciTech, Australia). The grids were blotted dry using a filter paper by placing in a droplet of water (pH ~7.4) for 5 s multiple times. After blotting dry, the grids were air dried overnight and then analyzed using TEM (Philips CM120 BioTWIN, operated at 120 kV). The confocal laser scanning microscopy (CLSM) experiment was performed using a Leica TCS SP2 confocal system equipped with an HCX PL APO lbd.BL 63× 1.4NA oil objective. The images were then analyzed using Imaris software (Bitplane AG). The in vitro intracellular degradation experiments were performed using a deconvolution microscope (DeltaVision, Applied Precision, 60× 1.42 NA oil objective). The filter set used was FITC to analyze the AF488 fluorescence. The images were then deconvolved and analyzed using Imaris (Bitplane AG) with maximum intensity projection. Size measurements of the polymer-peptide blend replica particles, prepared from different sizes of MS particle templates, were performed using a Zetasizer (Nano ZS, Malvern). Each measurement was performed 15 times. Quantification of the AF488-labeled PHis or AF488-labeled PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 ) adsorbed onto the MS particle templates was performed using a Afterwards, the organic templates were removed by calcination at 550 °C for 6 h. The MS particle surface was then functionalized using a layer of primary amine groups via APTES modification. In this process, the MS particles were dispersed in ethanol (20 mg mL In Vitro Intracellular Degradation. JAWS II cells were seeded in an 8-chambered cover glass (Thermo Scientific, US) (37 °C, 5% CO 2 ) overnight at a population of 50 000 cells per well.
Particles, assembled from different peptide-to-polymer ratios, comprised of PHis 488 and PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 ) BHQ1 blends. The particles were then added at a 20:1 particle-to-cell ratio. After 1 h incubation, the cell media was aspirated to remove the unbound particles and 13 replaced with a warm media (37 °C). To observe the intracellular degradation, live cell imaging was performed using a DeltaVision (Applied Precision) microscope equipped with a cell incubation chamber (with 5% CO 2 inlet stream and a temperature control at 37 °C). Live cell imaging was manually performed at five random spots for each incubation time and images were taken on a series of z-sections in between the top and bottom of the cells. Images were then deconvolved and analyzed using Imaris (Bitplane) software for the maximum intensity Microscopic analysis of the particles showed the formation of spherical, disk-shaped, thick-shelled, and colloidally stable particles independent of the peptide-to-polymer ratio used ( Figure 2 ). Smaller size particles can also be prepared using this method ( Figure S2 ). As mentioned earlier, these particles were stable at physiological pH (PBS, pH 7.4) due to the hydrophobic interactions between PDPA and PHis, which were found to be adequate for particle stabilization for the peptide-to-polymer assembly ratios used (1:1, 1:5, 1:10, or 1:15). Single component particles made purely of PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 ) or PHis resulted in no particles or a highly aggregated system, respectively (data not shown). The use of PDPA without 17 PEG copolymer, purely by itself or with a PHis blend, yielded no particle formation or a colloidally unstable and aggregated system, respectively (data not shown). Based on these findings, it is speculated that PHis provides more pronounced hydrophobic interactions compared to the PDPA moieties and other complementary forces, i.e., hydrogen bonding and π-π stacking, which serve to stabilize the particle assembly. This hypothesis was further supported by TEM analysis of the air-dried particles, which demonstrated the formation of a slightly denser particle core with a higher PHis content (Figure 2 ). There was no considerable swelling observed of PHis or PEG 45 -b-P(DPA 55 -co-PgTEGMA 4 ) at pH < pK a (data not shown), suggesting strong hydrophobic forces caused by PHis mainly in the particle core. This was found to counteract the repulsive forces originating from protonated tertiary amine groups and imidazole rings of PDPA and PHis, respectively.
18 Figure S3 ). All particles were found to be considerably stable over the course of the experiments, demonstrating that hydrophobic interactions were sufficient for stabilizing the particles. 22 The degradability of these polymer-peptide blend replica particles was then investigated.
A typical pathway for the cellular internalization of particulate carriers follows an endocytosis mechanism, in which the carriers are dynamically transported from endosomes (pH 6.8-5.9) to lysosomes (pH 6.0-4.9). 22, 23 Various proteases are present in these cellular compartments.
Therefore, particle degradability at an endolysosomal microenvironment becomes an interesting carrier property. As the particles are a blend of a polymer and a peptide with similar pK a values (~6.1 for PHis and ~6.4 for PDPA), degradation of these particles can be triggered by a pH decrease from physiological (pH 7.4) to endolysosomal (pH 4.9−6.8) pH and by the presence of protease. Different compositions of the polymer-particle blends were expected to provide control over particle degradation kinetics. Thus, to investigate their degradability, particles were exposed to simulated endosomal conditions in vitro (PBS pH 5.5, 37 °C, 5 unit mL -1 protease) and the particle count was then monitored using flow cytometry for up to 6 h. extracted from primary mouse bone marrow. 47 DCs are useful in regulating the immune system due to their role as antigen presenting cells. [48] [49] [50] Particle cytotoxicity was first examined by incubating particles, assembled using different peptide-to-polymer ratios (1:1, 1:5, 1:10, or 1:15), with JAWS II cells for 48 h. XTT assays showed negligible cytotoxicity, even at a high particleto-cell ratio (100:1) for all polymer-peptide blends ( Figure S4 ). The cell association/internalization kinetics was then examined to evaluate particle uptake by JAWS II cells. Particles were labeled with AF488 (green) and incubated at a 20:1 particle-to-cell ratio for 24 6 h with hourly sampling ( Figure S5 ). The kinetics were evaluated by monitoring the fluorescence intensity of the particles inside the cells using flow cytometry. These experiments demonstrated particle association/internalization over 6 h. A similar behavior was observed for all polymer-peptide blends at 1 h. Therefore, an incubation time of 1 h was used to ensure equivalent intracellular interactions among all polymer-peptide blends, hence enabling comparative analysis of the particle intracellular degradation kinetics in vitro inside JAWS II cells.
Intracellular degradation kinetics were monitored using a fluorophore-quencher pair.
Particles were prepared from AF488-labeled PHis and BHQ1-labeled PEG 45 
